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Nanocrystalline diamonds (NCDs) were deposited on chemically prepared tungsten carbide substrates
via hot ﬁlament chemical vapor deposition. The surface morphology of the NCDs was examined using
ﬁeld emission scanning electron microscopy. The NCDs formed a ballas morphology evenly across the
tungsten carbide surface. Overetching affected the diamond deposition by causing the ballas to form
diamond to fragment at overetched boundaries, and delamination only occurred 30–50 mm off the edge
and revealed that the thickness of the diamond ﬁlm was 6 mm. Grazing XRD is an effective method to
identify diamonds even at the nanoscale. The crystallite size was calculated to be 18.4 nm by modeling.
Cross-sectional TEM analysis indicated that the diamond grain size was approximately 10–30 nm near
the interface. Amorphous carbon, an embedded diamond and voids were also observed. TEM also
revealed that the tungsten carbide surface undulates. The nanocrystalline diamonds nucleated and grew
on the tungsten carbide (100) planes in the 〈111〉 direction, forming (111) planes, as observed from
HRTEM, d-spacing measurements, SAD and FFT analyses for a FIB-prepared sample.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Studies on nanocrystalline diamond (NCD) coatings and related
articles have received increased attention over the past two decades,
receiving 22,000 citations [1]. Themain reason for this attention is that
NCD ﬁlms have a low surface roughness [1] while retaining bulk
diamond mechanical properties and are used in a diverse array of
applications from tribology [2] to machining [3], with advantages such
as a low wear and friction coefﬁcient [4] and a signiﬁcant reduction in
cutting forces [2] when used as coatings in applications such as
machining [5], dental [6] and drilling [7]. NCD can be deposited using
chemical vapor deposition techniques, mainly microwave plasma CVD
[8,9] and hot ﬁlament chemical vapor deposition (HFCVD) [9–11].
Substrates must undergo pretreatment to enhance adhesion and
nucleation density. As surface chemistry differs for different sub-
strate materials, the pretreatments employed are also characteristic
of the material being used. Most pretreatment steps involve two
major steps, a chemical and/or mechanical pretreatment and a
seeding treatment. Other methods of depositing NCD on substrates
include adding a double bias between the substrate and ﬁlamentll rights reserved.
nical Engineering, Universiti
: þ607 5534855;[12–14], using dry detonation of nanodiamond powder [2], repla-
cing the binder phase [15] and using interlayer [16] scratch, grind
and polish to modify the surface roughness as it is known that
diamonds nucleate spontaneously on defects. The defects increase
the surface-to-volume fraction, leading to higher contact with
precursor gases, thus leading to faster carbon saturation and lower
total free energy. Chemical pretreatments are necessarily employed
to increase roughness, remove cobalt, increase nucleation density
and increase adhesion strength [17–20] when tungsten carbide
with a cobalt binder is used as the substrate.
Nucleation and growth of diamonds on Silicon substrates has
been extensively studied. One of the studies was done on [001]-
oriented diamond ﬁlms [21]. Another NCD on silicon study reveals
how amorphous carbon was involved [22]. Wurzinger at al. too did
some NCD studies on (001) silicon substrates [23] and found that
hillocks act as nucleation sites [24]. Sun et al. analyzed the
nucleation effects of ion bombardment [25]. Pecoraro et al. pub-
lished two related papers involving nanodiffraction and proposed
matchings between diamond planes with β-silicon carbide or
silicon planes [26,27]. Most of these studies utilized transmission
electron microscopy to analyze the interface between diamond
and the substrates. Lin et al. observed hillocks of nanodiamonds, β-
SiC and amorphous carbon at the diamond/silicon interface [28].
Kim observed diamond/WC interface for polycrystalline diamonds
[29], while Misra successfully manipulated a cubic-to-hexagonal
diamond phase transformation by tilting the GaN substrates [30].
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diamond wafering, EDM-wire cutting and EDM, were performed
on tungsten carbide substrates before pretreatment and diamond
deposition by HFCVD. The materials were then analyzed using
FESEM, XRD and TEM. Based on the experimental results, section-
ing produced the most signiﬁcant morphology difference in the
nanodiamond layer. The nanocrystalline diamonds in ballas mor-
phology that grew evenly or that formed aggregations and layers
on the tungsten carbide substrates were analyzed. The presence of
boundaries between the aggregations of ballas of the diamond
layer is the preferred failure route leading to a very limited peel-off
depth when damaged by precision diamond wafering, indicating
good adhesion. The nanodiamond/WC interface analyses reveal
the preferred nucleation and growth direction of nanodiamond on
the WC substrate.2. Material and methods
Tungsten carbide-6% cobalt substrates were cut into 0.1-mm thick
sections from a 12.7-mm diameter rod using precision cutting with a
diamond wafering blade at speeds of 2000 rpm with a minimum
feed rate of 1.3 mm/min. The precision-cut samples then underwent
chemical pre-treatment, seeding and cleaning. The chemical treat-
ments involved Murakami agent (10 g [K3Fe(CN)6]þ10 g
KOHþ100 ml water) followed by acid etching with nitric acid (60%
concentrate HNO3þ30% H2O2 at 1 to 9 parts) for different times. This
treatment was used to ensure that the surface cobalt was reduced to
o0.5%. Removal of cobalt from the surface of the substrates is
important because cobalt is known to favor graphite rather than
diamond growth. Seeding involved 0.8 g/l of different diamond
powder of 0.5 μm in 20 ml Tikapurþ180 ml water for 5 minutes
for each batch. The samples were then sent to CemeCon AG,
Germany for smooth diamond coating in a CC800®/9 hot ﬁlament
chemical vapor deposition unit. The gases used were hydrogen,
methane and oxygen. Oxygen was pulsed for 16 seconds followed
by 14 seconds of no gas ﬂow. The gases ﬂowed into the chamber
containing the substrates at a pressure of approximately
1600 mPa. The substrate temperature was approximately 600–
800 1C and was attained by radiation from the ﬁlaments above
them. The entire setup was run for 22 hours followed by 1 hour of
cooling. The analysis was performed using a ﬁeld emission scan-
ning electron microscope (FESEM), grazing angle x-ray diffract-
ometer (XRD) and transmission electron microscope (TEM). The
diffractometer used was a Bruker D8 Advance diffractometer. A FEI
Helios 600i focused ion beam (FIB) system was used to prepare a
lamella of approximately 90-nm thickness for TEM analysis. The
hardness and atomic weight difference of ratio 7:1, of tungsten
carbide and diamond, were the challenges in preparing and
examining high-resolution images and diffraction. The TEM stu-
dies were performed using a FEI Tecnai F20ST TEM operating at
200 keV, with a point-to-point resolution of 0.24 nm and a camera
length of 100 mm. The TEM techniques employed were imaging,
high-resolution imaging (HRTEM) and selected area diffraction
(SAD) to explicitly reveal the nanodiamond structures. The SAD
had an effective diameter (diameter on the image) of 180 nm.3. Results and discussion
3.1. Surface morphology
Fig. 1(a) presents a FESEM micrograph of the planar view of the
nanocrystalline diamonds grains on tungsten carbide substrates and
reveals a range of crystal sizes from 10 to 80 nm, indicating that
some of the diamond grains have fully grown, while others arefreshly nucleated. The morphology viewed suggests that the
broken-off edges are due to rampant renucleation or secondary
nucleation at the edges, points and boundaries of grown diamonds.
Fig. 1(b) presents a FESEM micrograph of the planar view at the
center of the diamond coating. The nanocrystalline diamonds are
aggregated into a cauliﬂower or ballas morphology. The ballas are
arranged in layers of one ballas growing on another ballas, with
ballas diameters of 5–10 μm. However, toward the edges of the
diamond layers in Fig. 1(c), the ballas of the nanodiamonds itself is
shown to form its own morphology, a third tier of morphology.
The ballas seem to aggregate, forming a grain-like structure where
it is weaker at the boundaries. The boundaries are where the ballas
do not merge together. The inset in Fig. 1(c) reveals a node where
the boundaries meet, indicating that there are more nanodia-
monds in the ballas that covers the surface of the substrate. This
boundaries is caused by overetching of the substrate during
pretreatment below where these boundaries are observed. The
areas of overetching are boundary-like on the substrate, thus
delaying the formation of diamonds [31].3.2. Analysis of diamond layer
The samples were cross sectioned using a diamond wafering
blade to reveal the bond morphology. The cutting process has
caused some damage area. Fig. 2(a) presents a cross-sectional view
of the diamond layer. A FESEM image of the diamond layer tilted at
5 degrees indicates that the diamond layer is approximately 6.0-
μm thick. The damage area is approximately 30–50 um of diamond
peel-off from the edge, as observed in the planar view, Fig. 2(b).
The cracks in the diamond layer occur at the boundaries of the
aggregation of ballas, more often at the boundary but also across
the entire aggregation of ballas. When the break off occurs at the
boundaries, it occurs across a few ballas. This break off is well
predicted as the thickness of the diamond at the boundaries is
signiﬁcantly lower. However, when the break off is more transient
than immediate, across an entire aggregation of ballas, the crack
occurs intergranularly at the boundaries of the nanodiamonds
instead of at the boundaries of aggregation of ballas. The crack
surface is illustrated in Fig. 2(c). The boundaries of nanodiamonds
are amorphous in nature and consist of amorphous carbon. Small
crack lines can also be observed on the diamond surface. The crack
lines travel through the ballas. The peel off of 30-50 μm and the
high gradient break-off suggests that the forces that hold the
diamond ballas are stronger than the adhesion forces between the
diamond ballas and the substrate. However, the small damage area
exhibits relatively good adhesion strength, considering that the
diamond wafering blade was rotating at 2000 rpm.
Grazing XRD was performed at 21 without the radiation of Cu
Kα2. Fig. 3 presents the XRD spectrum of the sample, which reveals
tungsten carbide and diamond peaks. The diamond peaks are
shifted and with shoulders within the peaks for all the 441, 751
and 911 diamond peaks, which all contribute to the broadening of
the diamond peaks. This result is caused by the residual stress
within the ﬁlms. Most diamond peaks are shifted to higher theta
values, indicating compressive stresses. Peak broadening is also
caused by an increase of the grain surface-to-volume ratio, i.e., a
reduction in grain size with increment of grain boundaries that
contains other carbon species, namely, amorphous carbon, DLC,
etc. However, graphite peaks were not observed in the XRD
spectra. The average crystallite size for 5 samples was modeled
using the Bruker AXS EVA – DIFFRACplus XRD software FPM
evaluation model, and the results indicated an average crystallite
size of approximately 18.4 nm with a FWHM of 0.4431 for the 441
peak of a cubic crystal system.
Fig. 1. FESEM planar view micrograph of nanocrystalline cubic diamonds grains: (a) high magniﬁcation (150000 ), (b) low magniﬁcation (1000 ) and (c) aggregation of
ballas. The inset reveals that the surface of the substrate at the node is also covered by diamonds.
Fig. 2. FESEM micrograph of the cross section of the diamond layer: (a) cross section, (b) planar view of the damaged area and (c) intragranular diamond peel off from the
diamond layer.
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The TEM images presented in Fig. 4(a) demonstrate that the
diamond layer must be thinned down to less than a 300-nm thickFig. 3. Grazing XRD spectra of sample AG. The diamond peaks are indicated with
the letter ‘D’. The other peaks belong to tungsten carbide.
Fig. 4. TEM image of (a) the WC-diamond interface and (b) the diam
Fig. 5. Selected area diffraction (SAD) patterns: (a) the approximate area indicator of SA
and (g) schematic diagram of SAD of diamond.from the original 6 μm to prepare an electron transparent area for the
interface. The thinning process was carefully performed to avoid
further damage to the interface; thus, the FIB milling process was
completed when the diamond was 90-nm thick. The darker regions in
Fig. 4(a) represent tungsten carbide grains, while the layer covering
the grains is the diamond layer. The encircled ‘V’ is a small crevice
between the WC grains that is ﬁlled with diamond, as nucleation of
diamond is preferred at defects. Voids are also observed, labeled with
encircled ‘W’s, which may be due to the manufacturing process of the
WC. Voids in the diamond layer are labeled with an ‘X’. Encircled in ‘Y’
is a larger crevice that is walled with a diamond layer and contains a
void. This crevice was formed when the diamond layer at the opening
grew and fused together, and no more carbon atoms could diffuse into
the cavity, thus hindering diamond growth and forming a cavity. Fig. 4
(b) shows diamond grains together with non-diamond boundaries, i.e.,
the lighter regions. This result is caused during the cleaning process
under the FIB when high current is used; the softer non-diamond
boundary is easier to mill and thin. Thus, the non-diamond boundary
becomes more electron transparent while leaving the hard diamonds
behind. A relatively large amorphous region is also observed and
labeled with an encircled ‘Z’. The measured length in between the
light regions is approximately 10–25 nm. This value agrees with the
modeled crystallite size from XRD.ond layer adjacent to the tungsten carbide-diamond interface.
D, (b) area 1, (c) area2, (d) area1_C, (e) area2_C, (f) schematic diagram of SAD of WC
Table 1
Standard d-spacing for tungsten carbide and diamond planes.
WC dhkl (nm) (hkl) Diamond dhkl (nm) (hkl)
1 0.283 (001) A 0.206 {111}
2 0.251 (100) B 0.126 {220}
3 0.188 (101) C 0.108 {311}
4 0.145 (110) D 0.103 {222}
5 0.142 (002) E 0.089 {400}
6 0.129 (111) F 0.082 {331}
7 0.126 (200)
8 0.123 (102)
9 0.115 (201)
10 0.101 (112)
11 0.095 (210)
12 0.094 (003)
13 0.094 (202)
14 0.090 (211)
15 0.088 (103)
16 0.084 (300)
17 0.080 (301)
Fig. 6. HRTEM image of the diamond interface (250000 ): (a) FFT of entire image, (b) FFT
Square 5.
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regions. The interface region selected was near the area labeled
with an encircled ‘V’ in Fig. 4. More than one SAD was acquired for
conﬁrmation for both WC and diamond. Note that the SAD pattern
for diamond includes regions outside the diamond layer itself,
thus contributing to a loss of signals. The contribution of amor-
phous carbon in the SAD pattern originates from both the
deposited amorphous carbon during the HFCVD diamond deposi-
tion process and from the damage and re-deposition of carbon in
the form of amorphous carbon from the FIB milling process. The
amorphous carbon from HFCVD is identiﬁed by location, i.e., at the
interface and between diamond grains, while the amorphous
carbon from FIB is located at the free end of the diamond layer
and as an extremely thin invisible layer that contributes to noise in
the higher magniﬁcation FFT images.
First, the SAD pattern for WC, presented in Fig. 5(b) and (c) and
the schematic diagram of 5(f) reveals a single crystal WC. The zone
axis was calculated to be [010]. However, some spots are not
observed because the sample is nearly parallel to the zone axis.of Square 1, (c) FFT of Square 2, (d) FFT of Square 3, (e) FFT of Square 4 and (f) FFT of
E. Hamzah et al. / Journal of Crystal Growth 372 (2013) 109–115114The three brightest spots consist of accumulated diffractions by
three planes of (210), (003) and (202), as these three planes have
similar interplanar d-spacings. The second order reﬂections, i.e.,
(420), (006) and (404), also exhibit strong reﬂections. The other
planes that contribute to the SAD pattern are the {111} and {100}
family planes. The d-spacing values of WC and diamond are
provided in Table 1.
The SAD pattern for diamond, presented in Fig. 5(d) and (e), is
generally that of a polycrystalline material, in this context, a
nanocrystalline material. Rings and spots of {111}, {220}, { 311},
{222}, {400} and {311} are visible and labeled A, B, C, D, E and F,
respectively and schematically in Fig. 5(g), corresponding to the d-
spacing values in Table 1. The diffraction pattern for diamond also
consists of spots from WC, as the SAD pattern was acquired near
the interface.
Fig. 6 presents a HRTEM micrograph of the interface. Fig. 7
shows the interface at even higher magniﬁcation to reveal the
lattice fringes. The WC and diamond lattices can be observed in
the images. First, the clear line separating the two contrasting
regions represents the edge of the tungsten atoms, with the darker
contrast being caused by the higher atomic weight. This line,
however, does not depict the deﬁnite interface between WC and
diamond. In fact, the diamond lattice fringes seem to extend into
the WC regions. Diamond growth inwards into the WC is not
possible because the CVD process only feeds carbon atoms from
the exposed area of the WC grain.
Within ‘square 4’ in Fig. 6, a diamond is embedded in the
tungsten carbide lattice. This embedded diamond can be explained
by the pretreatment process. During the seeding process, ultra-
sonic vibration knocks diamond seeds on the surface, which are
intended to scratch the surface of WC to provide defects as sites of
nucleation.
Fig. 6(a) is the FFT of the entire image. Amorphous carbon is
predicted as observed in the HRTEM at the lower left of Fig. 6. The
FFT was performed at areas where lattice fringes were observed.
The FFTs in insets (b) and (c) were acquired from the diamond
lattices (square 1 and square 2). The (220) spots is unclear;
however, the (440) spots are clearly observed. Based on calcula-
tion, the beam direction is [011], the planes are a family of
{111} and, thus, the growth direction of the diamond layer is 〈111〉.Fig. 7. HRTEM image of the interface (880000 ).Insets (d) and (f) are the FFTs of the WC lattice. Inset (e) is the FFT of
square 4, the embedded diamond at the interface. The FFT shows spots
from the diamond together with WC spots.
Fig. 7 indicates the measured d-spacing for the diamond lattice
and WC lattice. In total, 5 or 10 planes were measured to ensure
the accuracy of the d-spacing measurements. The d values corre-
spond to the {111} planes for diamond and the (100) plane for
tungsten carbide. The image clearly demonstrates the diamond
lattice extension into the WC lattice. The diamond penetrates into
the tungsten carbide for approximately 8 nm before the tungsten
carbide lattice is observed. The inset square in Fig. 7 illustrates an
example where these two planes meet. D is an abbreviation for
diamond and WC represents tungsten carbide. An amorphous
region at the lower right of Fig. 7 is also observed.4. Conclusions
Nanocrystalline diamonds were successfully deposited using
HFCVD on pretreated tungsten carbide substrates. Grazing XRD
analysis revealed that the diamond layer was nanocrystalline, with
an average crystallite size of 18.4 nm of the cubic system. These
nanocrystalline diamonds exhibit ballas morphology, which grows
evenly and may grow in aggregations and layers by manipulating
the substrate sectioning method. The presence of boundaries
between the aggregations of the diamond layer is the preferred
failure route, leading to a very limited delamination depth (a
maximum of 50 μm) when damaged by precision diamond wafer-
ing, which indicates good adhesion of the diamond layer. The TEM
analyses of the nanodiamond/WC interface revealed that the
nanodiamond nucleated and grew on tungsten carbide (100)
planes in the 〈111〉 direction, forming {111} planes. An 8-nm
transition region of a tungsten carbide-diamond crystal-amor-
phous structure predicts the nucleation area and also anchors
the diamond nuclei onto the tungsten carbide substrate.Acknowledgements
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